Abstract-This paper presents a new way of structure composition of wheelchair-style lower limb rehabilitation mechanisms to develop a systematic and modularized structure synthesis methodology of exercise rehabilitation mechanisms based on exercise rehabilitation. First, the movement principle of hip and knee joints under exercise rehabilitation on chair is deduced in order to provide structure formulation. Then, two structures are researched according to the proposed principle. Further, the simulation experiments for the structures have been done to verify the proposed approach and the experimental results show that the average cumulative error of hip joint is 4.43% and the average cumulative error of knee joint is 0.01%.
I. INTRODUCTION
75% to 80% of stroke patients are troubled by sequelae such as hemiplegia [1] . Physical function exercise rehabilitation is one of the main ways to help the rehabilitation of the affected side movement and nerve function. Rehabilitation of stroke patients is divided into acute phase, recovery phase, and sequelae phase. In the acute phase and recovery phase, a large number of repetitive exercise training or activities for daily living activities are required. The exercise rehabilitation robot is one of the ways to solve the problem of low training efficiency caused by long exercise rehabilitation cycle [2] .
At present, there are many kinds of lower limb rehabilitation training robots, and their configuration methods are also different. Passive hip-knee joint movement is mainly achieved through the mechanism to complete passive rehabilitation training. Beomsoo et al. used the wheelchair as a weight reduction and support system according to the characteristics of wheelchair patients for rehabilitation [3] [4] . The exoskeleton structure was used to design a wheelchair-based hip-knee joint lower limb exercise rehabilitation system to ensure weight loss and safety. But the system has a complex structure and a large rack, which is not suitable for moving and training in a narrow space. Shanghai Jiaotong University's Yin Yuehong team designed a bed-type lower extremity exoskeleton rehabilitation robot that can perform hip-knee-ankle joint training combined with human bionics principles [5] . However, it is not convenient for patients to move daily with the bed body as a platform, and the patients need to transfer to the bed body when training. Yan Hua, Zhejiang University, combined with clinical experience to design a wheelchair-type lower limb exercise rehabilitation exoskeleton system for hip-knee motion, but the product is inefficient in exercise rehabilitation, heavy-duty and complicated in operation [6] .
From this, the existing training robot for lower limb rehabilitation mainly simulates the normal gait and skeletal system of the human body and designs it with the technique of exoskeleton. However, the gait of hemiplegia patients is very different, and the lower limb posture and gait are different from normal people, and they can't realize the normal movement rule accurately during training. Therefore, it is necessary to study the proper configuration for guiding the design of lower limb rehabilitation robots. In addition, most stroke patients use wheelchairs as their main mobile tools, and the transfer of robots from wheelchairs to lower limb exercise rehabilitation is one of the difficult problems of lower limb exercise rehabilitation. Therefore, this paper proposes a comprehensive method for simulating the configuration of physiotherapy to solve the problem of poor adaptability and low training efficiency of lower limb rehabilitation robots. First of all, it studies the methods of physical rehabilitation of lower extremities to explore the characteristics of physical therapies of rehabilitation therapists in maintaining the motion of lower extremities. Then the physical rehabilitation therapy is mathematically modeled, and then combined with the rehabilitation method to propose a configuration of a 2-DOF wheelchair-type lower limb rehabilitation training robot that meets the needs of patients with lower limb dysfunction.
II. THE MOVEMENT PRINCIPLE OF HIP AND KNEE JOINTS BASED ON EXERCISE REHABILITATION ON CHAIR
Physical exercise rehabilitation refers to the training methods used by freehanders for patients whose activities are limited due to the causes of paralysis and pain, and who are unable to perform autonomous exercise or assisted active exercise [7] . The lower limbs of the human body are formed by the hip joints, knee joints and ankle joints. The hip joint and the ankle joint are used as spherical joints and the knee joint is used as an ordinary hinge joint. Therefore, the simplified structure of the human lower limb skeleton in the sitting posture can be obtained, as shown in Figure I . The hip movement angle is α, and the knee movement angle is β.
FIGURE I. SIMPLIFICATION OF HUMAN LOWER LIMB BONE STRUCTURE FIGURE II. LOWER LIMB JOINT MOBILITY TRAINING MECHANISM
Assume that the rehabilitation therapist's training operation is uniform. The hip initial angle is b 1 , and the knee initial angle is b 2 . The time of stage 1 is t 1 , the time of Stage 2 is t 2 , the time of Stage 3 is t 3 , the time of Stage 4 is t 4 . Assume that the hip joint movement speed is k 1 , the knee joint movement speed is k 2 , and one training cycle time is t 1 +t 2 +t 3 +t 4 .
Stage one, hip flexion:
Stage two, knee extension:
Stage three, knee flexion:
Stage four, hip extension:
III. STRUCTURE SYNTHESIS OF WHEELCHAIR-STYLE LOWER LIMB REHABILITATION MECHANISMS
The study of lower limb exercise rehabilitation equipment is based on the exoskeleton of the human lower limbs. According to the characteristics of the lower limbs of the human body, through the analysis of the therapist's training on the maintenance of hip-knee joint motion in the sitting posture, it can be known that when the therapist performs rehabilitation treatment, the hip-knee joint of the patient is a linkage relationship. In order to maintain the training effect of the joint motion of the lower extremity, this design limits the remaining degrees of freedom of the hip joint and only retains the flexion and extension, which is simplified as a hinge joint. The simplified 2-DOF lower limb joint motion training mechanism is shown in Figure II . A and B are hinge links, and C is a special hinge mechanism that can adjust the angle. The AB segment is the thigh segment, the BC segment is the calf segment, and the distal segment is the sole of the foot.
A. Structure Synthesis of Wheelchair-Style Rehabilitation Mechanism Based on Exercise Rehabilitation Principle
The subject's lower limb joint mobility training institutions studied in this study have two ways to provide power. The Configuration 1 is powered by two pusher motors, which is a full drive system (as shown in Figure III. ). The full-drive system can fully control the training angle of the hip-knee joint, maximally approaching the therapist's rehabilitation treatment. The Configuration 2 is a split full drive system, which is powered by two pusher motors to control the motion of the hip and knee joints. (as shown in Figure IV. ). The hip-knee joint of configuration 2 has no effect on each other, so the control is simpler and it is easier to achieve the therapist's operating technique. 
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and analyzes the movement law during hip-knee joint training. Then this article compares it with the therapist's manipulation of hip-knee joint rehabilitation and further optimizes the design of the mechanism to achieve similar results as the therapist's rehabilitation.
B. Size Synthesis of Wheelchair-Style Rehabilitation Mechanism Based on Exercise Rehabilitation Principle
For the optimal design of the Configuration 1, the size of the hip joint α is obtained from the dimensions of the rod AF, the rod AD, and the push rod motor DF, and then the size β of the knee joint is calculated. Assume that the lengths of the rod AF, the distance AD, the rod BE, and the rod BG are l1, l2, l3, l4, the length of the push rod motor 1 is d1, and the length of the push rod motor 2 is d2. The hypothesis method is adopted to simplify the hip and knee joint activity maintenance training mechanism as a turning guide rod mechanism, and the simplified rotation guide rod mechanism is shown in FIGURE V. The hip joint angle (the angle between the thigh and the horizontal position) is α, and the knee joint (the angle between the thigh and the lower leg) is β. d1=v1t,d2=v2t ,(V1, V2 are the speed of the push rod motor 1, 2 respectively, t is the time). 
IV. SIMULATION EXPERIMENTS
According to the results in Table I and Table II ., the hip joint training movement angle is 91.62°~131.34°, and the knee joint training movement angle is 90.00°~140.58°. According to the optimization results and the principle of physical therapy, a corresponding mathematical model was established to obtain a comparison curve between the theoretical results and physical therapy (as shown in FIGURE VI.). The simulation experiment shows that the sum of the errors of the hip joints f1(x) is 0.0443, and the sum of the errors of the knee This paper presents a systematic structure synthesis method of wheelchair-style lower limb rehabilitation mechanisms based on hip-knee joint movement principle in exercise rehabilitation. Two structures are built and analyzed. In the end, the simulation experiments for the structures have been done to verify the proposed approach. The experimental results show that the average cumulative error of hip joint is 4.43% and the average cumulative error of knee joint is 0.01%.
